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Spontaneous formation of spatial structures
(patterns) occurs in various contexts, ranging
from sand dunes [1] and rogue wave formation [2,
3], to traffic jams [4]. These last decades, very
practical reasons also led to studies of pattern
formation in relativistic electron bunches used in
synchrotron radiation light sources. As the main
motivation, the patterns which spontaneously ap-
pear during an instability increase the terahertz
radiation power by factors exceeding 10000 [5, 6].
However the irregularity of these patterns [5–11]
largely prevented applications of this powerful
source. Here we show how to make the spatio-
temporal patterns regular (and thus the emitted
THz power) using a point of view borrowed from
chaos control theory [12–14]. Mathematically,
regular unstable solutions are expected to coexist
with the undesired irregular solutions, and may
thus be controllable using feedback control. We
demonstrate the stabilization of such regular so-
lutions in the Synchrotron SOLEIL storage ring.
Operation of these controlled unstable solutions
enables new designs of high charge and stable syn-
chrotron radiation sources.
Synchrotron light sources are used worldwide to pro-
duce brilliant light from THz to hard X-rays, allowing to
investigate a very large range of matter properties. In
these sources where electron bunches travel at relativis-
tic velocities, an ubiquitous phenomenon occurs when the
bunch charge density exceeds a threshold value. Due to
the interaction between the electron bunch and its own
emitted electric field, micro-structures spontaneously ap-
pear in the longitudinal profile (and phase-space) of the
bunch [7, 15–17] (see Fig. 1(a) and (b) for the SOLEIL
storage ring which will be considered here). In storage
rings, these structures are responsible for a huge emis-
sion of coherent light in the terahertz range, typically
103−105 times normal synchrotron radiation power den-
sity. However, as the micro-structures appear mostly in
the form of bursts [Fig. 1(d)] this type of source is barely
usable in user applications. Hence, research in this do-
main has naturally attempted to find regions for which
coherent emission (CSR) occurs while bursting dynamics
∗ Corresponding author : clement.evain@univ-lille.fr
is absent. Such ”parameter search” methods succeeded in
identifying parameter regions with stable coherent emis-
sion. However, this corresponds to special configura-
tions (with short and low charge electron bunches, in
the so-called low-alpha operation [5, 6, 10, 11, 18–23])
which are not compatible with most of the user exper-
iments. Therefore, this type of THz source is used in
relatively few synchrotron radiation facilities (SOLEIL,
DIAMOND, BESSY-II), and only during a small part of
the year.
”Parameter search approaches” are however not the
only possibilities for avoiding instabilities. The point of
view that we will use here is directly borrowed from the
so-called chaos control theory, introduced by Ott, Gre-
bogi and Yorke (OGY) [12, 13]. Mathematically, when
an undesired irregular solution is observed – bursts of mi-
crobunching in our specific case – other unstable solutions
usually coexist. The existence of these unstable solutions
is often viewed as mathematical curiosities. However,
OGY pointed out two properties with far-reaching ap-
plications. First these co-existing unstable solutions are
generically controllable, i.e., there exists feedback loops
between an observable and available parameters, that can
force the system to stay onto the unstable solution. Fur-
thermore, as the feedback stabilizes an already existing
solution, the extra-power required for stabilization is the-
oretically infinitesimally small (it is only limited by im-
perfections or noise, see Refs. [13, 24] for details). These
two points make the OGY strategy a good candidate for
the control of high power systems, like synchrotron radi-
ation facilities.
In this Letter, we show that it is possible to sup-
press the bursts of microbunching instabilities occur-
ring in storage-ring synchrotron radiation facilities, us-
ing this strategy inspired from chaos control. We will
demonstrate that, although the acceleration powers used
in synchrotron radiation facilities are in the fraction-of-
MegaWatt range, tiny actions on a control parameter are
sufficient to maintain the system on an unstable regular
solution of phase-space, as the one displayed in Fig. 1c.
The experimental design of the feedback loop, and sim-
ulated expected performances are summarized in Fig-
ure 2. A fast bolometer (with 1 µs response time) mea-
sures the power fluctuations PTHz(t) of the emitted co-
herent THz radiation. This signal is used for calculat-
ing a control signal ∆V (t), using a Field-Programmable
Gate Array (FPGA). The control signal is then directly
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Figure 1. Storage ring synchrotron facilities, and the microbunching instability.(a): Typical layout of a synchrotron
radiation facility as SOLEIL. One (or several) relativistic electron bunches are stored on a closed-loop trajectory. Above a
threshold charge density a microstructure spontaneously appears inside the bunch as the result of a spatio-temporal instability
arising from the interaction between electrons. The microstructure emits a huge power of coherent light, typically in the THz
range. (b,c,d): Numerical results in the case of SOLEIL. (b) electron bunch shapes evolution in phase-space at four different
times of the bursting dynamics. (c): electron bunch shape corresponding to an unstable and regular solution existing in phase
space, but which can not be observed experimentally (because of its unstable nature). Our feedback control strategy will aim at
stabilizing this solution. (d) terahertz emission induced by the structures, as would be recorded by a bolometer. Blue: natural
bursting solution. Red: terahertz emission corresponding to the regular and unstable solution (c). See Methods for simulation
and parameters details.
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Figure 2. Control of the micro-bunching instability at SOLEIL: experimental setup and results expected nu-
merically. (a) experimental setup. The THz power PTHz(t) emitted by the electron bunch is monitored by a bolometer. A
Field Programmable Gate Array (FPGA) computes the feedback control signal ∆V (t) in real time. This signal modulates
the amplitude of the 352.2 MHz RF wave injected in one of the accelerating cavities. Right: numerical results obtained when
the feedback control is applied at t = 0 ms. (b-d), temporal evolution of the THz power PTHz(t), bunch length σz(t), and
feedback signal ∆V (t). (e-m): Electron bunch phase-space, bunch shape ρ(z), and coherent THz pulse near the electron-bunch
EeTHz(z), at three times (see also the movie for the entire dynamics, and Methods for the numerical details). Lower left insets:
relationship between the electron bunch and the power RF waves injected in the control accelerating cavity, and in normal
accelerating cavities.
3applied onto one of the four accelerating cavities of the
storage ring (see Figure 2a and Methods for details). As
detailed after, the action on the RF cavity signal is to
modify the bunch length, which is directly linked to the
bursting behaviour (see Fig. 2c for t < 0). In this first
study, the feasibility of control is tested using only ele-
mentary feedback loops, and in particular we have per-
formed a systematic study using the so-called Pyragas
method, which has proven to be efficient for stabilizing
various non-accelerator systems [24, 25]. In numerical
simulations and then with the FPGA used in the exper-
iment, we compute the following signal ∆V (t):
dX(t)
dt
=
1
τLP
[PTHz(t)−X(t)] (1)
∆V (t) = G [X(t)−X(t− τ)] , (2)
where PTHz is the signal detected by the bolometer, at
the THz and infrared AILES beamline [26]. Equation (1)
represents a low-pass filter with a time constant τLP .
Equation (2) represents the Pyragas feedback, which in-
volves two parameters G (gain) and τ (delay). ∆V corre-
sponds to the voltage amplitude applied to the accelerat-
ing cavity of the storage ring. The cutoff frequency of the
low-pass filter is 3 kHz, i.e., slightly lower that the band-
width of the high power RF system (10 kHz). This fil-
ter removes components at the revolution frequency (845
kHz), as well as the frequency due to the rotation of the
microstructures in phase-space [27], in the 80 kHz range
here. In order to find the conditions for stabilization, the
feedback parameters G and τ have been systematically
scanned, while monitoring the remaining fluctuations of
the THz power (both in the numerical design study, and
in the experiment).
A typical numerical simulation result is displayed in
Figures 2(b-m) (see Methods for numerical details). Fig-
ure 2(b) represents a transient that occurs when the
feedback is applied, showing that the bursts of tera-
hertz power are expected to be suppressed. However
the microstructure pattern still exists in phase-space (see
Fig. 2g), leading to a regular emission of coherent tera-
hertz radiation. Moreover, we can see that the feedback
signal ∆V (t) tends to extremely small values after the
transient has died out (Fig. 2d). This is a consequence
of the fact that we are stabilizing an already existing pe-
riodic state of the system.
Numerical simulations also showed that efficient con-
trol is expected when the control voltage amplitude
∆V (t) acts on the slope of the accelerating field. Thus
increasing ∆V (t) should only ”compress” the bunch and
vice-versa (see left insets of Fig. 2). However, a direct
variation of the RF signal amplitude will also acceler-
ate or decelerate the bunch (more precisely the so-called
synchronous electron [16]). This is a key point in the re-
alization of an efficient feedback control, and it led us to
design the experiment so that the feedback signal ∆V (t)
is applied in an accelerating cavity operating in the so-
called ”zero-crossing” situation (see Methods).
We have tested experimentally this feedback scheme
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Figure 3. Feedback control of the micro-bunching in-
stability: experimental results. (a) and (b) transients ob-
served when the feedback control is suddenly turned ON and
OFF respectively. Red curves correspond to the bolometer
voltage evolution, and blue curves correspond to the feedback
control signal (amplitude modification of the signal in the con-
trol cavity) (both signals are low-pass filtered at 100 kHz).
(c) Power spectrum of the bolometer signal with (red) and
without (grey) feedback. Inset: same data with logarithmic
vertical scale. Feedback delay τ = 0.2 ms.
at the SOLEIL synchrotron radiation facility (Figure 3).
During the experiments, our storage ring was operated as
for normal user operation, at an energy of 2.75 GeV (see
Methods for parameters). We stored a single high charge
electron bunch (I = 9.15 mA) in order to exceed the
microbunching instability threshold (at about 8.7 mA),
and obtain strong bursts of coherent THz emission. In
each feedback control experiment, we started by testing
the control efficiency versus parameters G and τ in ranges
that are suggested by numerical results. Automatic scans
provided optimal values of G and τ in typically 15 min-
utes. Typical feedback control results are represented in
Figure 3. Figures 3(a) and 3(b) display the transient ob-
tained when the feedback control is suddenly switched
ON and OFF respectively. The Fourier spectra of the
controlled and uncontrolled signals (Fig. 3c) show that
the main spectral components of fluctuations are sup-
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Figure 4. Evolution of the coherent terahertz pulse shapes with and without control (right and left respectively).
During the experiment (top), these terahertz pulse shapes are recorded using a high repetition rate single-shot electro-optic
sampling setup based on the photonic time-stretch technique (see Methods). The colorscale images (c-e) represent the emitted
coherent terahertz pulse shape V EOS(n, t) (electric field) versus time t and number of turns n in the ring. The red and blue
curve represent the terahertz pulse energy versus the number of turns (integration over the time of the square of the EOS
signal), and the control signal (modification of the power RF amplitude). Results from simulations (bottom) are from the same
data set than in Fig. 2 (see Methods for details).
pressed until more than 40 dB (for the feedback efficiency
versus frequency, see the figure in the supplementary ma-
terial).
Quantitative analysis of the remaining control fluctu-
ations ∆V (t) also provide important information on the
required RF amplitude that is necessary to maintain suc-
cesfull control of the unstable regular state (the remain-
ing fluctuation visible in Fig. 3). Quantitatively, the fluc-
tuations of the RF signal amplitude is about of 8 kV
RMS (over the 10 kHz bandwidth of the power RF sys-
tem). This value represents a variation of only 0.3% of
the total RF signal slope seen by the electrons.
In a third step we have performed an experiment
to observe directly the spatio-temporal evolution of the
electron-bunch structures in the controlled and uncon-
trolled cases. For this purpose, we have used a single-shot
electro-optic sampling system based on photonic time-
stretch, which is described elsewhere [28]. This system
enables to record in a single-shot mode the electric field
of the THz pulses (envelope and carrier), at each stor-
age ring turn. Figure 4 shows the turn-by-turn evolution
of the THz pulses with and without feedback. As in
the simulations, without feedback there is an alternance
of quiet periods (without micro-structures) and irregular
terahertz radiation. With feedback, the micro-structures
appear almost always present and form a regular pattern,
i.e. they appear periodically at the tail of the bunch and
drift at constant velocity toward the head (due to the ro-
tation of the bunch in the phase-space). Hence, the feed-
back not only removes the bursting behavior, but also
make the micro-structures appear and propagate regu-
larly in the bunch.
In conclusion, we reveal the existence of a regular,
but unstable, dynamical state of high-charge electron-
bunches circulating in a storage ring, and we demonstrate
the possibility of stabilizing this state thanks to a low
power feedback loop. As a consequence of this method
(inspired by chaos of control theory), a modification of
less than 0.3% in the system parameters permits to de-
crease by more than 40 dB the THz fluctuations at the
synchrotron SOLEIL (while keeping the coherent emis-
sion). A foreseen application concerns the production
5of a stable coherent THz synchrotron radiation (CSR)
in more synchrotron radiation facilities in the world,
and/or during a large fraction of the year (for instance at
SOLEIL). Moreover, it is important to note that the sim-
ple feedback scheme used here was destined to a proof-
of-principle experiment, and that more efficient feedback
control schemes probably remain to be discovered. Cur-
rent open questions concern the possibility to achieve
control at very high current and/or when the instability
is characterized by many unstable eigenvalues (i.e., where
Pyragas control is observed to fail). These next steps are
expected to require cross-disciplinary works between the
fields of accelerator physics, and nonlinear dynamics of
spatially extended systems.
METHODS
Storage ring
The SOLEIL storage ring is operated in single-bunch
mode, at 2.75 GeV, in the so-called ”nominal-alpha
mode”, i.e., with a momentum compaction factor 4.16×
10−4. Four superconducting cavities are fed by power
RF sources at 352.2 MHz (i.e., the 416th harmonic of
the revolution frequency). Three cavities are used for
normal acceleration at each turn, with an accelerating
voltage amplitude of 800 kV. The fourth cavity is driven
by the feedback system (see below).
Furthermore, the storage ring is operated in the so-
called top-up mode, consisting in periodically injecting
electrons for compensating the natural losses in the ring.
This mode was a crucial point as it allowed system-
atic studies (as finding the optimal parameters), without
change of the storage ring current.
Numerical simulations
Numerical simulations are performed by using the
one-dimensional Vlasov-Fokker-Planck model of storage
rings [17], which is known to reproduce the microbunch-
ing instability [9, 29]. The longitudinal electron bunch
dynamics with feedback is modeled by the equation:
∂f(q,p,θ)
∂θ − p∂f∂q + ∂f∂p [q(1 + ∆V (θ))− IcEeTHz] (3)
= 2
∂
∂p
(
pf +
∂f
∂p
)
(4)
where q is the normalized longitudinal position (q = zσz
with z the longitudinal coordinate and σz the equilib-
rium RMS bunch length without collective effect), p the
normalized longitudinal energy (p = E−E0σE with E the
electron energy in eV, E0 the storage ring nominal energy
and σE the energy spread at equilibrium, without collec-
tive effect). θ is the normalized time θ = t2pifs , with t the
time and fs the synchrotron frequency.  = 1/(2pifsτs),
where τs is the synchrotron damping time. The interac-
tions between electrons are modeled in the term EBTHz,
where the standard parallel plate model (with a radius
Rc and a distance between the plates of 2 × h) is used
(see [27] for more details). Ic is the normalized bunch cur-
rent, Ic = I
e2piRc
2pifsσET0
, with I is the average beam current,
Rc the dipole radius of curvature, and T0 the revolution
period, e the electron charge. All parameters are in MKS
units. As in the experiment, the feedback is:
dX(θ)
dθ
=
1
τLP
[PTHz(θ)−X(θ)] (5)
∆V (θ) = G [X(θ)−X(θ − τθ)] , (6)
With τLP the low-pass filter value, G the feedback
gain, τθ the feedback delay and PTHz the emitted THz
power (PTHz(θ) =
∫∞
k0
|ρ˜(q, θ)|2dq with ρ˜(k) the Fourier
transform of the charge density ρ(q) =
∫ +∞
−∞ f(q, p)dp
and k0 represent the bolometer detection cutoff). As
in the experiment, we put a limitation ∆Vmax on the
maximum value of |∆V |. The Vlasov-Fokker Planck
equation is integrated using the Warnock scheme [17],
that we have implemented as a parallel code (in MPI).
The parameters used in the article (synchrotron
SOLEIL and feedback parameters) are : E0 = 2.75 GeV,
σz = 4.59 mm, σE = 1.017 × 10−3E0, fs = 4.64 kHz,
τs = 3.27 ms, Rc = 5.36 m, T0 = 1.181 µs, h = 1.25 cm,
I = 9.15 mA, k0 = 2.5, G = −0.3, τθ = 5.83 (0.2 ms
in non normalized units), 1/τLP = 0.105 (3 kHz in non
normalized units), and ∆Vmax = 180 kV.
Feedback control system: detection and low power
electronics
The THz signal is monitored by an InSb hot electron
bolometer (Infrared Laboratories), with 1 µs response
time, and AC output coupling. The bolometer detects
the Terahertz Coherent Synchrotron Radiation emitted
at the AILES beamline of synchrotron SOLEIL. The
bolometer signal is then digitized and processed using a
low-cost Field-Programmable Gate Array (FPGA) board
(Red Pitaya STEMlab 125-14 board, based on the Xilinx
Zynq 7010 SOC-FPGA). The digitization is performed by
one of the two ADCs of the FPGA board at 125 MS/s,
with a 50 MHz bandwidth. The acquired signal is first
digitally low-pass filtered using a first order filter (with a
cutoff frequency fc = 3 kHz), and resampled at 1 MS/s.
The FPGA uses this filtered signal X(t) to compute the
feedback signal ∆V = G [X(t)−X(t− τ)]. This digital
signal is then converted to an analog signal, using one of
the two DACs of the FPGA board.
In addition, the bolometer and control signals are
also monitored using a 1 GHz oscilloscope (Lecroy
WR104MXI). The bolometer, oscilloscope, FPGA (and
its control computer) are placed in the AILES beam-
line area, and the analog control signal provided by the
6FPGA is transported to the low-level RF (LLRF) system
of SOLEIL located at few tens of meters from the FPGA,
using a coaxial cable. This signal is used to modulate the
amplitude of one of the RF accelerating cavities.
Feedback control system: high power part
At SOLEIL, four accelerating cavities are usually fed
with 352.2 MHz power RF. For this feedback control ex-
periment, one of the four cavities has been operated in
the so-called ”zero-crossing” mode, i.e., the phase of the
electric field is adjusted so that the field is zero for the
synchronous particle at each electron bunch passage as
displayed in Fig. 2. In absence of feedback, the cavity
voltage amplitude is 700 kV. The control signal delivered
by the FPGA is limited to ±1 V, which corresponds to an
RF amplitude modification of ±180 kV. The bandwidth
of this amplitude modulation has been measured to be
10 KHz.
Feedback control system: protection against
accidental beam loss
While searching for optimum feedback parameters G
and τ , some parameter sets have destabilizing effect,
leading in some cases to beam loss. In order to avoid
this issue, we also added an interlock system, that dis-
ables the feedback loop when the electron bunch trans-
verse position (monitored by a beam position monitor)
departs the nominal orbit by a threshold value. This
value has been adjusted empirically (by trial-and-error)
to ± 50 µm. Operation of this interlock was an impor-
tant component, as it allowed us to freely scan feedback
parameters and find the optimal ones, without needing
to take care of possible electron beam loss issues.
Single-shot recording of the terahertz CSR pulses
The data displayed in Figure 4 (emitted THz pulse
shapes at each turn) have been recorded using a single-
shot electro-optic sampling system. The setup, which
is detailed in Refs. [27, 28], uses a single-shot electro-
optic sampling using chirped laser pulses, combined with
photonic time-stretch [30] for enabling high repetition
rate recording.
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